Background
Virus-specific cytotoxic T-lymphocyte (CTL) responses have been shown to play an important role in the control of HIV-1 infections [1] [2] [3] . Growing numbers of studies suggest that Gag-specific CTL responses are strongly associated with slow disease progression in HIV-1 infection [4] [5] [6] [7] . Particular human leukocyte antigen (HLA) allelessuch as HLA-B Ã 57, B Ã 27 in whites, B Ã 13 in South African populations, and B Ã 51 in Chinese populations -in HLArestricted Gag-specific CTL responses have demonstrated an association with slow disease progression [7] [8] [9] [10] [11] [12] . So far, several immunodominant Gag epitopes associated with better clinical outcomes have been defined for HIV-1 -for example, B Ã 57-restricted TSTLQEQIAW (Gag 240-249 , TW10) epitope [12, 13] ; B Ã 27-restricted KRWIILGLNK (Gag 263-272 , KK10) epitope [8] ; and B Ã 51-restricted NANPDCKTI (Gag 327-345 , NI9) [7] . However, virusspecific CTL responses cannot completely eliminate HIVinfected cells because the viral variants within targeted epitopes or flanking regions can evade CTL responses, which may result in the loss of viral suppression [14] [15] [16] [17] [18] . It has also been reported that CTLs that recognize escape mutations are elicited after the emergence of an escape mutant selected by wild-type-specific CTLs [19] [20] [21] [22] . Thus, the interaction between HIV-1 and the host immune response is believed to relate to disease progression.
Our previous study on a cohort of 321 HIV-1-infected typical progressors and 105 long-term nonprogressors from Northern China found that the HLA-A Ã 30-B Ã 13-C Ã 06 haplotype was associated with slow disease progression [23] . The mechanism underlying this association remains unknown. An inverse correlation between Gag-specific CTL responses and viral loads was reported in the B 0 clade HIV-1-infected HLA-A Ã 30-B Ã 13-C Ã 06-positive Chinese population [24] . In this study, we performed a comprehensive analysis of Gagspecific immune responses and epitope evolution in B 
Methods

Study participants
In this study, nine B 0 clade HIV-1-infected HLA-A Ã 30-B Ã 13-C Ã 06-positive individuals who were infected by HIV-1 through paid blood donations in the 1990s were recruited from the Henan province, China (Table 1 ) [25] . At the time of recruitment, these patients had been seropositive for at least 10 years with a CD4 þ T-cell count above 500 cells/ml. None of the patients received any antiretroviral therapy, except for patient 510099, who had taken neirapine twice to reduce the risk of maternal-fetal HIV-1 transmission from August to December in both 2006 and 2011. Blood samples were collected between 2009 and 2012. Every patient received at least three follow-ups. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque Plus (GE Healthcare BioSciences AB, Sweden) density gradient centrifugation and cryopreserved until used. PBMCs from patient 510099 were collected in October 2010 -46 months after the patient's first treatment. The mean CD4 þ T-cell count was 653 cells/ml at the time of recruitment and then 684 cells/ml at the time of enzyme-linked immunospot (ELISPOT) assays. All patients provided informed consent for donating blood for the purposes of this study.
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AIDS 2015, Vol 29 No 9 0 2377-2400 nt of HIV-1 HXB2) was performed with the following cycling parameters: 948C for 5 min; followed by 35 cycles at 948C for 30 s, 558C for 30 s, and 728C for 2.5 min; and a final extension step at 728C for 10 min. The PCR products were confirmed through 1.0% agarose gel electrophoresis. PCR products were purified using the QIAquick gel extraction kit (Qiagen) and cloned using a TOPO TA cloning kit (Invitrogen, USA). The fragments were sequenced by Huada Genomics Company (China). Individual sequence fragments were assembled and edited using the Sequencher program (version 4.9).
Synthetic HIV-1 Gag overlapping peptides
The 18-20 mer peptides with 10 or 11 overlapping amino acids and spanning the first isolated full-length B 0 clade RL42 Gag sequence (GenBank U71182.1) were synthesized by Meilian Company (China). In total, 54 peptides were synthesized, and 15 pools were made by mixing 7-8 peptides per pool in a 7 Â 8 matrix design. The peptide responsible for any observable reaction in a matrix cell could be named by identifying the common peptide present in both the pools that were mixed. When more than one peptide was identified, we confirmed the identity of the responsible peptide by individually testing all peptides common to the relevant mixed pools. Nine additional 9-mer peptides and 1320-mer peptides presenting amino acid variants which were different from RL42 sequence and were observed in virus from our study population were synthesized by Sigma-Aldrich (USA).
Interferon-g ELISPOT assay
Interferon (IFN)-g ELISPOT assays were performed according to the manuscript (BD ELISPOT, USA) to detect the HIV-1-specific IFN-g-secreting cells among the PBMCs. PBMCs were plated at 100 000 per well with peptides at a final concentration of 10 mg/ml for peptide pools and 5 mg/ml for single peptides in 96-well plates. Phytohemagglutinin at a concentration of 10 mg/ml was used as a positive control, and medium alone was used as a negative control. Spots were quantified using the ImmunoSpot Analyzer (Cellular Technology Ltd, USA). The number of specific IFN-g-secreting T cells was expressed as spot-forming unit (SFU) per 10 6 PBMC inputs. A response was considered positive if there were at least 50 SFCs per 10 6 PBMCs, as well as activity that was at least three times greater than the mean background activity.
Statistical analysis
Data were analyzed and graphical presentation was performed using GraphPad Prism version 5.0 software (GraphPad Software, San Diego, Californis, USA). Table 1 . Results showed that the immunodominant peptides for this study population were OLP-48: RQANFLGKIWPSHKGRPGNF (RL42 Gag 434-453 ); OLP-2: GQLDRWEKIRLRPGGKKKYR (RL42 Gag [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Responses to these peptides were present in 100.0, 77.8, 55.6, and 55.6% of the study population, respectively ( clade HIV-1-infected patients, variations at Gag residues 146 and 147 were identified in association with expression of HLA-B Ã 13 [26] . In this study, we found that these two residues were located in the overlapping region of the adjacent peptides OLP-15 and OLP-16. Moreover, the frequency and magnitude of CTL responses to both peptides were similar. Therefore, we predicted that the overlapping region HQPISPRTLNA might contain a CTL epitope. In addition, the results of epitope prediction by SYFPEITHI (available at http:// www.syfpeithi.de/home.htm) supported the inference that a potential B Ã 13-restricted HQPISPRTL (Gag 144-152 , HL9) epitope is located in this overlapping region. The prediction score for the HL9 epitope was 21 points and ranked second only to the prediction score of the VQNLQGQMV (Gag 135-143 , VV9, 22 points) epitopethe well known B Ã 13-restricted epitope. The HL9epi-tope also contains the B Ã 13 binding motif (Q at position 2; and L/I at the C-terminal end). On the basis of the above analysis, we inferred that OLP-15 and OLP-16 might contain a new B Ã 13-restricted HL9 epitope.
Results
Immunodominant responses in nine B
In order to assess whether HL9-specific CTL responses could have attributed to the responses to OLP-15/16, samples from patients 510013, 510096, 510097, and 510099 were selected for further study. Results showed that all four patients who responded to OLP-15 and OLP-16 had strong responses to the HL9 epitope (Table  S1 , http://links.lww.com/QAD/A672). Furthermore, two published optimal epitopes -B Ã 13-restricted VV9 and B Ã 57/C Ã 06-restricted ISPRTLNAW (Gag 147-155 , ISW9) -were located in OLP-15 and OLP-16, respectively. However, the magnitude of responses to the VV9 and ISW9 epitopes was weak (Table S1, (Table S2 , http://links.lww.com/QAD/A672). Patients 510096 and 510097 were excluded as their viral loads were too low to obtain longitudinal clonal sequences. At the time of ELISPOT assays, we found that three patients (510013, 510096, and 510097) carried the wild-type sequence (HQPISPRTL). The HL9 epitope showed (P146S, I147L) variants in viruses from patient 510109 and (P146A, I147L) variants in viruses from patient 510110. A mixture of (P146S, I147L) and (P146A, I147L) variants were observed in viruses from patients 510121 and 510082. Plasma from patient 510099 contained a mixture of wild-type and mutant viral clones (P146A/S, I147L, S148A/P). Other variants P149A/V in patient 510084 were also observed. In addition, a longitudinal analysis of clonal sequencing revealed that sequence variants in HL9 epitope were observed in viruses from the early time points in several patients. Previously known mutations at Gag residues 146 and 147 that are associated with B Ã 13 were observed in our study population. 
06-positive patients is associated with better clinical outcomes
To examine the influence of amino acid variants within the HL9 epitope on CTL recognition, HL9 epitope containing the wild-type RL42 sequence and other autologous sequences observed in the study population were synthesized. IFN-g ELISPOT assays were performed on PBMCs from patients 510096, 510097, and 510099, who showed immunodominant responses to OLP-15/16, but relatively weak responses to OLP-2 and OLP-48 (Fig. 1a) . In patients 510096 and 510097, whose viral isolates represented the wild-type HL9 epitope, positive IFN-g responses were generated against autologous epitope (4270 SFU/10 6 PBMCs and 3370 SFU/ 10 6 PBMCs at 10 mg/ml peptide, respectively). Patients 510096 and 510097 exhibited a highly efficient crossrecognition of HL9 variants. Our previously observed variants P146A (P146A/S, I147L) and a novel P149A variant abrogated CTL recognition to a large extent. I147L alone and S148A variants slightly reduced the HL9-specific response. Strong cross-reactive T-cell responses against HL9 autologous variants in patients 510096 and 510097 might help to maintain high CD4 þ T-cell counts and low viral loads. However, we observed a less efficient cross-recognition of HL9 variants in patient 510099, in which case the predominant viral isolates represented the (P146S, I147L) variants (Fig. 1b) . Decreased responses to HL9 autologous epitope variants might explain the decreased CD4 þ T-cell counts and high viral loads in patient 510099 (Fig. 1c) . These data strongly suggest that HL9-specific CTL response contributed to the slow disease progression in HLA-A Ã 30-B Ã 13-C Ã 06-positive patients. Fig. 2a) . We analyzed the evolution in the RLRPGGKKKY (Gag 20-29 , RY10) epitope within OLP-2. Patients 510109 and 510110 carried the wildtype RY10 epitope. A mixture of K28R and (K26N, K28R) variants were observed in viruses from patient 510082. Viral isolates from patient 510084 represented the mixture of wild-type OLP-2 and G24M variants at the time of ELISPOT assays. Some other variants -K26N, K28Q, (R20Q, K28R) -were also found (Table  S2 , http://links.lww.com/QAD/A672). Then the influence of amino acid variants within OLP-2 on CTL recognition was examined (Fig. 2b) . Surprisingly, (K26N, K28R) variants stimulated IFN-g responses that were stronger than responses to wild-type OLP-2 in patient 510082, in which case (K26N, K28R) variants were the dominant viral quasispecies. However, patients 510084, Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved. 510110, and 510109 had a diminished IFN-g response to the (K26N, K28R) variants of OLP-2, and viral isolates from these three patients showed no (K26N, K28R) variants. Furthermore, patient 510084 showed a strong response to wild-type OLP-2 and a slightly diminished response to the K28R and (R20Q, K28R) variants, but responded weakly to the G24M, K26N, and K28Q variants (Fig. 2b) . Interestingly, patient 510109 showed immunodominant response to OLP-2, and five clonal sequences from this patient were of the wild-type RY10 in OLP-2 at the time of ELISPOT assays when the patients showed no signs of disease progression. However, seven clonal sequences had the K28Q mutation after 8 months (Table S2 , http://links.lww.com/QAD/A672). The emerging of viral sequence variants coincided with the patient's decreasing CD4 þ T-cell counts and increasing viral loads (Fig. 2c) .
Taken together, our results strongly suggested that T-cell responses to immunodominant autologous OLP-2 were likely contributed to the maintaining a state of slow disease progression in patients 510082, 510084, and 510110. (Table S2 , http://links.lww.com/QAD/A672). CTL recognition of OLP-48 variants was detected in the remaining two patients -510121 and 510013 (Fig. 3) Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
Gag-specific T-cell response reacts against any one of the immundominant peptides and is associated with slow disease progression As described above, we divided all patients into three groups according to the immunodominant peptides detected at the time of ELISPOTassays (Table 2 ). We hypothesized that the patients who are able to generate a response toward at least one of the three immunodominant peptides in which the targeted peptides remain unmutated should maintain a state of slow disease progression. Results showed that strong HL9-specific responses in patients 510096 and 510097 (group 1), OLP-2-specific responses in patients 510084 and 510110 (group 2), and OLP-48-specific responses in patient 510013 (group 3) might contribute to their slow disease progression. In addition, patients 510082 and 510121 generated strong responses to autologous OLP-2 and OLP-48, respectively. However, patient 510099 who had three mutated peptides, and patient 510109 who lost OLP-2-specific T-cell response during the follow-up experienced decrease in CD4 þ T-cell counts. Hence, Gag-specific T-cell response that targets any one of the immunodominant autologous peptides identified in this study is associated with slow disease progression in B 0 clade HIV-1-infected HLA-A Ã 30-B Ã 13-C Ã 06-positive patients.
Discussion
We previously reported that the HLA-A Ã 30-B Ã 13-C Ã 06 haplotype was associated with slow disease progression [23] . Here, we have extended this study to the analysis of the T-cell responses that were associated with slow disease progression in HLA-A Ã 30-B Ã 13-C Ã 06-positive patients. We discuss a unique population that was infected with very similar viral strains within a narrow period through contaminated plasma in the early 1990s. The RL42 strain, identified among injection drug users in the Yunnan province in the 1990s, is the earliest full-length genome of a primary B 0 clade HIV-1 strain [27] , which showed a close evolutionary relationship with other B 0 strains widely transmitted among the paid plasma donors across China, including the Henan province. Therefore, RL42 is an ideal representative strain of the B 0 clade in China. In this study, we designed a set of overlapping peptides based on the RL42 Gag sequence, and we performed ELISPOT assays of samples from nine B 0 clade HIV-1-infected HLA-A Ã 30-B Ã 13-C Ã 06-positive slow progressors from the paid plasma donor cohort in the Henan province. Results showed that HL9, OLP-2, and OLP-48 peptides were immunodominant. Strong responses that targeted a single immunodominant peptide were associated with slow disease progression.
HLA-A Ã 30-B Ã 13-C Ã 06 is one of the main three-loci haplotypes in the Han Chinese population, with a frequency of 4.6% [28] . HLA-B Ã 13, which is a component allele of this haplotype, was previously shown to be associated with successful HIV disease control [9, 29] . B Ã 13-restricted optimal C clade T-cell epitopes have been The discrepancy in responses to HL9 might be due to sequence heterogeneity in different viral clades. Deng et al. [30] reported that residue 146 in the B 0 clade was proline, which was different from other viral clades, whose 146th residue was alanine or serine. P146 appeared to be characteristic of the B 0 clade virus [30] . Furthermore, the variants P146A and (P146A/S, I147L) in HL9 epitope can escape CTL recognition in our study population. Collectively, our results suggest that the B Ã 13-restricted HL9-specific CTL response might be unique to the B 0 clade HIV-1-infected Chinese population.
Newly identified HL9-specific CTL response might have helped to maintain better clinical outcomes in our study cohort, particularly in patients 510096 and 510097. However, patient 510099, who carried escape mutations, exhibited a less efficient functional cross-recognition of HL9 epitope variants and experienced rapid disease progression. Hence, T-cell responses showing efficient variant cross-recognition might be associated with delayed disease progression in HIV infection, which has been reported in several studies [20, [31] [32] [33] . One factor contributing to this observed association may be that CTL responses to broad variant cross-reactivities have the ability to limit the outgrowth of the escape variants, which may help to restrict viral replication for longer periods [32] . were observed, which varied according to the dominant viral species in the individuals. We can speculate that there might be a diverse T-cell receptor repertoire targeting OLP-2 wild-type and (K26R, K28N) variants. Although we do not know whether patient 510082 had already been infected with HIV-1 variants containing the (K26N, K28R) variants, or whether their HIV-1 strains produced (K26N, K28R) variants via immune selection, responses to (K26N, K28R) variants may have been an important mechanism for delaying disease progression in this patient. Furthermore, patient 510121 also showed efficient recognition of autologous OLP-48 variants.
Similarly, the development of responses to some mutations within the B Ã 57-restricted epitopes had been reported to be associated with the maintenance of viral suppression in HIV-1-infected B Ã 57 þ elite suppressors [20, 22] . HL9, OLP-2, and OLP-48 were the immunodominant peptides in HLA-A Ã 30-B Ã 13-C Ã 06-positive patients. It has been reported that Gag and Pol-specific effector CD8 þ T cells targeting conserved epitopes can control HIV-1 replication in vitro [34, 35] . Our data also suggested that Tcell responses to conserved peptides (e.g. patients 510096, 510097, and 510013) or highly cross-reactive T-cell responses to variant peptides (patients 510082 and 510121) were associated with slow disease progression in HLA-A Ã 30-B Ã 13-C Ã 06-positive patients. Moreover, patient 510099, who had three mutated peptides, and patient 510109, who lost OLP-2-specific T-cell response during the follow-up, experienced decrease in CD4 þ Tcell counts. Hence, it appears that a single optimal immunodominant Gag-specific T-cell response was sufficient to prevent disease progression. Our results were further supported by previous studies, for example, the unique epitope KK10 (Gag 263-272 )-specific response in HIV-infected individuals with B Ã 27 [8] , B Ã 51-restricted NI9 (Gag 327-345 )-specific response in the HIV-infected Chinese population [7] , and B Ã 51-restricted TAFTIPSI (RT 128-135 , TI8)-specific response in the HIV-1-infected Japanese population [36] . However, without detailed analysis of other potentially confounding host genetic factors [37, 38] and T-cell responses restricted by other HLA alleles, we could not exclude their role in disease progression. This might be the limitation of our study, and merits future investigation.
The present study suggests that T-cell response against one of the immunodominant gag autologous peptides containing epitopes HL9, OLP-2, or OLP-48 is associated with slow disease progression in B 0 clade HIV-1-infected HLA-A Ã 30-B Ã 13-C Ã 06-positive patients. We speculate Table 2 . A single immunodominant Gag-specific T-cell response against autologous peptide contributed to better clinical outcome.
Patients were grouped according to immunodominant T-cell responses to HL9, OLP-2, and OLP-48, respectively. Gag-specific T-cell responses (solid boxes) play an important role in slow disease progression. T-cell responses (dashed boxes) may be of some protection. þþþ, the magnitude of response >1000 SFU/10 c Patient 510109 developed K28Q variant which was an escape mutation during the follow-up.
